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Nanophotonics	and	metamaterials	have	revolutionised	the	way	we	think	about	optical	space	(𝜀, 𝜇),	 enabling	 us	 to	 engineer	 the	 refractive	 index	 almost	 at	will,	 to	 confine	 light	 to	 the	
smallest	of	the	volumes,	and	to	manipulate	optical	signals	with	extremely	small	 footprints	
and	energy	requirements.	Significant	efforts	are	now	devoted	to	finding	suitable	materials	




two	 nonlinearities	 the	 ultrafast	 temporal	 dynamics	 of	 the	 material	 permittivity	 can	 be	
designed	 by	 acting	 on	 the	 amplitude	 and	 delay	 of	 the	 two	 fields.	 	 We	 demonstrate	 the	










available	 in	electronics.	 	During	 the	 last	decade,	plasmonics	and	metamaterials	have	both	
gained	great	momentum	because	they	provide	a	way	to	overcome	the	previously	mentioned	
limitations.	 This	 is	 attained	 by	 coupling	 the	 electromagnetic	 radiation	 to	 the	 oscillating	
electronic	plasma	at	the	metal/dielectric	interface.4,5	However,	the	ability	to	squeeze	optical	
modes	well	below	the	diffraction	 limit,	and	engineer	the	effective	permittivity	at	will	with	




goal	 of	 removing	 metal	 constituents	 from	 both	 plasmonic	 technologies	 and	 artificial	
materials.7,8	
Among	alternative	plasmonic	materials,	transparent	conductive	oxides	(TCOs)	are	a	unique	
class	of	wide-bandgap	semiconductors.	They	can	support	extremely	 large	doping	 levels	 (≃10)*	cm-3)	with	low	effective	electron	masses	(≃ 0.3𝑚.;	𝑚. =	free-electron-mass),	enabling	
a	metallic	 response	 in	 the	 near-infrared	 (NIR)	 region	 and	 high	 transmission	 in	 the	 visible	




as	 dynamic,	 plasmonic,	 and	 dielectric	 layers,	which	 enable	 extreme	 flexibility	 to	 optimise	
structures	 for	differing	conditions,	all	with	a	 single	material.	 Furthermore,	many	TCOs	are	
naturally	suited	to	achieve	the	epsilon-near-zero	(ENZ)22	condition	in	the	telecommunications	
band	whereby	 the	 low	 refractive	 index,	 that	 is,	 less	 than	 unity,	 enables	 the	 potential	 for	
enhanced	nonlinearities,	super-coupling,	and	deeply	sub-wavelength	field	confinement.19,23–






sub-picosecond	 recovery	 time.18	 Intraband	 excitations	with	 below-bandgap	 pulses	 (in	 the	
near-infrared	 –NIR–	 spectral	 region,	 𝜆789 = 787	 nm)	 resulted	 in	 up	 to	 90%	 and	 800%	
modulation	of	the	reflection	and	transmission,	respectively.	
	 Here,	we	demonstrate	that	the	optical	properties	of	AZO	can	be	dynamically	addressed	
on	 a	 sub-picosecond	 time-scale	 by	 a	 clever	 combination	 of	 the	 interband	 and	 intraband	
nonlinear	 effects,	 driven	 by	 two	 different	 wavelength	 pump	 pulses	 (𝜆34 = 262	 nm	 and	𝜆789 = 787	nm).	We	first	show	that	the	AZO	complex	refractive	index	at	infrared	wavelengths	
(𝜆= = 1300	nm)	can	be	controlled	by	a	two-colour	pump	pulse	(𝜆34 	+ 𝜆789).	We	then	tune	











the	 pump	 pulses	 and	 the	 probe.	 In	 Figure	 1b	 we	 show	 the	 measured	 delay-dependent	
reduction	of	transmissivity	as	a	result	of	interband	carrier	excitation,	driven	by	an	ultraviolet	
pulse	 (𝜆34 	= 	262	nm)	 of	 ≃ 	65	 fs	 duration	 and	 fluence	 𝐹34 ≃ 5	mJ	cmG).	 The	
recombination	 time	(≃ 	600	fs)	 and	modulation	amplitude	(≃ 	45	%)	 are	 consistent	with	
previous	measurements	performed	with	a	pump	pulse	at	325	nm.18	In	Figure	1c	we	show	the	
measured	 delay-dependent	 increase	 of	 transmissivity	 due	 to	 intraband	 carrier	 excitation,	








illustrated	 along	 with	 the	 probe	 wavelength	 of	 1300	 nm.	 The	 delay	 between	 the	 two	 pump	 pulses	 is	
denoted	∆𝑡	while	the	delay	between	the	probe	and	UV	signal	is	denoted	𝛥𝜏.	For	intraband	excitation	using	




addition	 to	 the	 intrinsic	 concentration	 (𝑁R)	 which	 recombine	 through	mid-gap	 trap	 states	 (𝑁S, 𝜏T.U).	 c,	
Change	in	transmission	at	1300	nm	versus	the	pump	–	probe	delay	𝛥𝜏	under	787	nm	excitation	fitted	with	
simulation.	 Inset	 illustrates	 the	 process	 diagram	 for	 intraband	 excitation:	 NIR	 light	 (𝐸789)	 raises	 the	
temperature	of	conduction	band	electrons	(𝑇UWWX → 𝑇ZWS)	which	relax	through	scattering	processes	(𝜏.G=),	
heating	the	lattice.	The	change	in	transmission	from	the	experiment	was	obtained	through	∆𝑇 = 𝑇 − 𝑇\,	
where	T0	 is	 the	transmission	of	the	probe	far	 from	the	pump	pulse.	For	comparison	with	the	theoretical	
results,	 the	 amplitude	 of	 the	 induced	 transmission	 change	 was	 normalized	 using	 ∆𝑇OWT]^XR_.` =	∆𝑇/|∆𝑇]^c|,	where	|∆𝑇]^c|	is	the	magnitude	of	the	peak	change	in	transmission.	The	same	procedure	was	
completed	for	the	simulation	results.	
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Remarkably,	 AZO	 shows	 simultaneously	 strong	 ultrafast	 interband	 and	 intraband	
nonlinearities	with	readily	available	wavelengths	from	a	single	laser	source	
	 The	observed	coexistence	of	both	intraband	and	interband	nonlinearities	suggests	the	
possibility	 of	 achieving	 new	 dynamic	 functionalities	 through	 their	 combined	 effect	 and	 if	
these	two	excitation	regimes	are	independent,	the	corresponding	effects	can	be	algebraically	
combined.	We	 therefore	performed	a	 thorough	 investigation	of	 the	AZO	optical	 response	
under	combined	UV	and	NIR	excitation	as	a	function	of	the	relative	delay	∆𝑡	between	the	two	
pumps	and	∆𝜏	between	the	pumps	and	the	probe	(the	UV	pump	signal	is	used	as	the	time	
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Operatively	 speaking,	we	 first	 arbitrarily	 choose	a	 fluence	 for	 the	UV	beam	while	 the	NIR	
pump	fluence	is	set	afterwards,	to	induce	a	change	on	the	transmitted	power	of	the	same	
magnitude	 as	 that	 obtained	 with	 the	 UV	 pump.	 Such	 a	 change	 saturates	 for	 both	 UV	(∆𝑇 𝑇\ ≃ 75	%	 at	𝐹34 ≃ 15	mJ	cmG))	 and	NIR	 (∆𝑇 𝑇 ≃ 100	%	 at	𝐹789 	≃ 60	mJ	cmG))	
pumping.	
While	cross-coupling	between	interband	and	intraband	effects	is	negligible	at	the	pump	
fluences	 used	 in	 these	 experiments,	 we	 observed	 that	 it	 becomes	 appreciable	 for	 higher	
fluences.	To	evaluate	the	impact	of	crosstalk	we	calculate	the	relative	difference	between	the	
measured	 (me)	 and	 ideal	 (id)	 change	 in	 the	 real	 and	 imaginary	 refractive	 index	 𝐷T,R =𝑛T,R]. − 𝑛T,RR` /	𝑛T,RR`	 for	 increasing	 pump	 fluences.	 In	 this	 case,	 “measured”	 refers	 to	 the	
refractive	index	with	the	simultaneous	pumping	scheme	while	“ideal”	refers	to	the	algebraic	
sum	 of	 the	 refractive	 indices	 retrieved	 with	 independent	 UV	 and	 NIR	 excitations.	 In	 the	
experimental	conditions	of	Fig.	2	we	estimate	𝐷T ≤ 6	%	and	 	𝐷R ≤ 3	%,	whereas	at	higher	
pump	 fluences	𝐹34 = 10	mJ	cmG)	 and	𝐹789 = 24	mJ	cmG)	we	observe	 stronger	 crosstalk:	𝐷T ≤ 22	%	and		𝐷R ≤ 7	%	(see	Supplementary	Note	1	and	Supplementary	Figure	2).	
	
Modulation	 bandwidth	 and	wavelength	 control.	 The	 ability	 to	 optically	 control	 the	 AZO	
properties	with	nonlinear	 effects	of	 similar	 amplitude	 yet	opposite	 sign	paves	 the	way	 to	
intriguing	applications.	 In	Fig.	3	we	show	two	new	effects	enabled	by	 the	 two-colour	AZO	
modulation.	The	 first,	 in	Figs.	3a	and	3b,	 is	 the	dynamic	control	of	 the	optical	modulation	
bandwidth	of	the	AZO	film,	while	the	second,	in	Figs.	3c	and	3d,	is	the	dynamic	control	of	the	
transmitted	probe	wavelength.	







increase	 the	 transmission	 (the	 diagonal,	 green-to-red	 band).	 Performing	 the	 Fourier	
transform	along	 the	vertical	direction	provides	 the	modulation	bandwidth	of	 the	optically	
excited	film	as	a	function	of	the	inter-pump	delay	𝛥𝑡	and	is	shown	in	Fig.	3b.	The	blue	and	red	
dashed	 lines	 indicate	 the	 bandwidth	 (rms)	 obtained	 by	 only	 UV	 and	 only	 NIR	 pump,	
respectively.	The	faster	dynamic	of	the	intraband	(≃ 1.7	THz)	compared	to	the	interband	(≃1.55	 THz)	 nonlinearity	 is	 clear.	 The	 proposed	 two-colour	 pump	 configuration	 remarkably	
allows	one	to	modify	the	modulation	bandwidth	of	the	film	via	the	delay	of	the	two	pump	
fields,	as	shown	by	the	black	curve	in	Fig.	3b.	This	enables	the	observation	of	a	fast	oscillation	
between	a	reduction	(≃ 0.75	THz	at	𝛥𝑡 ≃ 0)	and	an	increase	(≃ 2	THz	at	𝛥𝑡 ≃ 130	fs)	of	the	
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Figure	3.	 Two-colour	pumping	effects.	a,	 Change	 in	 the	probe	pulse	 transmission	as	 a	 function	of	 the	
pump-probe	delay	(∆𝜏)	and	the	inter-pump	delay	(∆𝑡).	The	UV	pump	decreases	the	transmission,	whereas	













Further,	 we	 show	 how	 the	 probe	 wavelength	 can	 be	 dynamically	 modified	 by	 a	
combination	of	the	two	UV	and	NIR	pump	pulses.	In	Fig.	3c	we	show	the	change	in	the	central	
wavelength	of	the	𝜆= ≃ 1300	nm	probe	pulse,	recorded	with	an	InGaAs	spectrometer,	as	a	












enough	 to	 separate	 the	 two	effects,	 yet	 close	enough	 to	be	 addressed	 simultaneously	by	





existence	 of	 interband	 and	 intraband	 nonlinearities	 with	 opposite	 optical	 effects,	 in	







interesting	 developments	 in	 signal	 processing,	 ultrafast	 optics,	 and	optical	metrology.	 For	
example,	 it	may	 enable	 complex	 coding	 schemes	 such	 as	 code	 division	multiple	 access33,	
which	is	of	high	interest	for	optical	communication.	Similarly,	engineering	the	recombination	
rate	 to	 match	 the	 thermal	 relaxation	 rate	 of	 the	 intraband	 excitation	 may	 lead	 to	 the	




























controlled	 linear	 translation	 stage	 (M-VP-25XA,	 Newport),	 equipped	 with	 a	 silver-coated	
hollow	retroreflector	(PLX	Inc.).	The	s-polarised	NIR	pump	was	focused	at	normal	incidence	
onto	 the	 AZO	 film.	 A	 dichroic	 mirror	 (HR	@266	 nm,	 HT	@800	 nm,	 Layertec	 GmbH)	 was	








films	were	deposited	using	pulsed	 laser	deposition	 (PVD	Products	 Inc.)	with	a	KrF	excimer	
laser	 (Lambda	 Physik	 GmbH)	 operating	 at	 a	 wavelength	 of	 248	 nm	 for	 source	 material	
ablation.	A	2wt	%	doped	AZO	target	was	purchased	from	the	Kurt	J.	Lesker	Corp.	with	a	purity	
of	 99.99	 %	 or	 higher.	 The	 energy	 density	 of	 the	 laser	 beam	 at	 the	 target	 surface	 was	
maintained	 at	 1.5	J	cmG)	 and	 the	 deposition	 temperature	 was	 75°C.	We	maintained	 the	
oxygen	 pressure	 under	 0.01	 mTorr	 to	 achieve	 additional	 free	 carriers	 from	 the	 oxygen	
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vacancies.	The	prepared	 thin	 films	were	characterised	by	 spectroscopic	ellipsometry	 (J.	A.	
Woollam	Co.	Inc.)	in	the	spectral	region	from	300	-	2500	nm.	The	dielectric	function	of	the	
AZO	was	retrieved	by	fitting	a	Drude	(when	𝜔W 	= 	0)	and	Lorentz	oscillator	model,	Eq.	(1),	to	
the	 ellipsometry	 data.	 The	 optical	 properties	 at	 262	 nm	 were	 estimated	 from	 a	 spline	
extrapolation	 of	 the	measured	 properties	 combined	 with	 bounds	 provided	 by	 data	 from	
similar	 films.34	To	probe	the	electrical	properties	of	 thin	 films	such	as	mobility	and	carrier	
concentration,	 we	 carried	 out	 the	 Hall	 measurement	 (MMR	 Technologies)	 at	 room	




sub-picosecond	 recombination	 time	 is	 indicative	 of	 Shockley-Read-Hall	 recombination	
processes,	 which	 result	 in	 a	 reduced	 recombination	 time	 according	 to	 𝜏T.U ∝ 1 𝑁S	𝜎	𝑣SZ,	
where	𝑁S	is	the	trap	density,	𝜎	is	the	capture	cross	section,	and	𝑣SZ	is	the	thermal	velocity	of	
carriers.35	 The	 interband	 dynamics	 were	 modelled	 using	 a	 2D	 spatial	 and	 temporal	
discretization	(see		Supplementary	Discussion	for	details).		
The	 change	 in	 the	 optical	 properties	 was	 then	 determined	 using	 the	 transfer	 matrix	
method	for	the	graded	index	profile	whereby	a	matrix	was	calculated	for	each	layer	𝛿𝑧	and	
multiplied	to	determine	an	effective	transfer	matrix	at	each	time	step	assuming	an	infinite	
substrate	 of	 fused	 silica.	 The	 amplitude	 of	 the	 change	 was	 then	 normalized	 and	 the	





a	 lossy	 dielectric,	 but	 the	 excitation	 is	 still	 far	 from	 the	 band-edge	 (𝜆 ≃ 320	 nm).	
Subsequently,	the	absorption	in	this	regime	is	dominated	by	the	residual	Drude	loss,	i.e.,	free	
carriers	 in	 the	 conduction	 band.	 This	 excitation	 results	 in	 a	 non-equilibrium	 hot	 electron	
population	which	 relaxes	 through	 various	 scattering	processes	(𝜏.G=),	 heating	 the	 lattice.	
Consequently,	 the	 intraband	 dynamics	 of	 the	 AZO	 film	 were	 modelled	 using	 the	 two-
temperature	 model,	 whereby	 the	 change	 in	 the	 electron	 temperature	 and	 lattice	
temperature	 are	 captured	 as	 a	 function	 of	 time	 for	 the	 material	 (see	 Supplementary	
Discussion	for	details).	Following,	the	resulting	change	in	the	optical	properties	was	modelled	




the	 complex	 effective	 thermal	 index	 is	 relevant,	 and	 it	 was	 found	 that	 the	 extinction	
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coefficient	 decreases	 while	 the	 index	 increased,	 i.e.	 𝑛SZ > 0	 and	 𝑘SZ < 0,	 matching	 the	
experimental	 results.	 	However,	 unlike	other	materials,	we	did	 not	 observe	 a	 long-lasting	
thermal	offset	arising	from	heat	dissipation	and	removal	from	the	lattice.	This	is	likely	due	to	
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